Introduction
Closteroviruses are filamentous positive-strand RNA viruses that are semipersistently transmitted by insect vectors and cause phloem-limited infections in host plants (Agranovsky, 1996 ; Bar-Joseph et al., 1979) . Some closteroviruses, e.g. beet yellows virus (BYV ; Agranovsky et al., 1994) , citrus tristeza virus (CTV ; Karasev et al., 1995) and little cherry virus (Jelkmann et al., 1997) , have large monopartite genomes ranging from 15n5 to 19n3 kb, whereas others, e.g. lettuce infectious yellows virus, have a genome divided among two RNA components of 8n1 and 7n2 kb (Klaassen et al., 1995) . Despite these differences, BYV and other closteroviruses studied so far share the following molecular biological traits : (i) the putative replication-associated proteins are encoded in the two overlapping 5h-proximal genes, and the RNA polymerase is likely to be expressed as a fusion product due to ribosomal frameshifting ; (ii) the 5h-terminal gene encodes papain-like Author for correspondence : Alexey Agranovsky.
Fax j7 095 939 31 81. e-mail AAA!closter.genebee.msu.su the GUS reporter gene in the infection foci. In the other test, the p65 gene was inserted into the infectious cDNA of the hordeivirus RNAβ component to replace either the 58 kDa MP gene or the whole TGB. Inoculation of Chenopodium quinoa and Chenopodium amaranticolor plants with the T7 transcripts of the chimeric RNAβ, together with the hordeivirus RNAα and RNAγ, caused symptomless infection in inoculated leaves detected by hybridization of the total leaf RNA with a specific cDNA probe. The ability of BYV p65 to substitute for the potexvirus or hordeivirus MPs provides direct evidence for its involvement in the cell-to-cell movement of closterovirus infection. proteinase domain(s) involved in the processing of the primary translation product ; (iii) the conserved 3h-proximal genes code for a small hydrophobic protein, a protein of " 65 kDa (p65) homologous to the 70 kDa heat shock proteins (HSP70s) and possessing ATPase activity in vitro, a protein of " 60 kDa, and the coat protein (CP) and its diverged duplicate ; (iv) the latter two proteins encapsidate uneven portions of the BYV and CTV RNA, thus forming virions with a ' rattlesnake ' structure (Agranovsky et al., 1991 (Agranovsky et al., a, b, 1994 (Agranovsky et al., , 1995 Boyko et al., 1992 ; Pappu et al., 1994 ; Karasev et al., 1995 ; Klaassen et al., 1995 ; Febres et al., 1996 ; Jelkmann et al., 1997 ; reviewed by Agranovsky, 1996) .
Whereas some of the closterovirus genetic outputs -the replication-associated proteins, a proteinase, an ATPase, and the virion proteins -have been mapped experimentally and\or predicted by computer-assisted analysis, little is known about the proteins mediating their transport of infection in plants. An assertion, based on the striking relatedness of p65 to the HSP70 chaperones (some of which mediate ATP-dependent translocations of other proteins in cells), was that p65 may be a closterovirus movement protein (MP) (Agranovsky et al., 1991 a ; reviewed by Dolja et al., 1994) . Karasev et al. (1992) were the first to demonstrate the ability of the [$&S]methionine-labelled BYV p65 to bind to bovine brain microtubules in vitro, and to postulate that the movement of a plant virus RNA within the cell occurs via specific interactions with the cytoskeleton rather than randomly. This idea has found support in recent findings that the tobacco mosaic virus (TMV) 30K MP co-localizes in plant cells with the microtubule filaments (Heinlein et al., 1995 ; McLean et al., 1995) . However, there has been no experimental proof of p65 involvement in transport. Here, we demonstrate the ability of the BYV p65 to complement the cell-to-cell movement of potato virus X (PVX) and barley stripe mosaic virus (BSMV), viruses in which the MPs (an NTPase and two small hydrophobic proteins) are encoded in the triple gene block (TGB) (Morozov et al., 1989 ; Petty & Jackson, 1990 ; Beck et al., 1991 ; Angell et al., 1996) . These data indicate that at least one of the functions of p65 is in the cell-to-cell movement of the closterovirus infection.
Methods
Plasmids. The 35S promoter-driven full-length cDNA clone of PVX expressing a β-glucuronidase (GUS) reporter gene, pPVX.GUS, was kindly provided by D. C. Baulcombe (The Sainsbury Laboratory, John Innes Centre, Norwich, UK). The transport-deficient derivative of this clone, pPVX.GUS-Bsp, expressing the C-terminally truncated product of the first (25 kDa) gene in the TGB, and the 35S promoter plasmid pRT-PVX.25K expressing the wild-type 25 kDa gene, have been described . The BYV-specific insert was excised with EcoRI and SalI from the pK3-p65 plasmid (Agranovsky et al., 1997) and cloned between the EcoRI and SalI sites of the pRT-101.Sal, a modified pRT-101 vector (To$ pfer et al., 1987) in which the SmaI site was replaced with the SalI site by linker ligation. The resulting plasmid, pRT-BYV.65K, contained the complete gene for the BYV p65 under the control of the cauliflower mosaic virus 35S promoter and the αβ translational enhancer of PVX (Smirnyagina et al., 1991) . The frameshift mutant pRT-BYV.65K-Asp was produced by digestion of pRT-BYV.65K at the unique Asp718 site (overlapping the triplets 114-115 in the p65 gene), followed by filling in the 3h-recessed ends with the Klenow fragment and blunt-end ligation.
The T7 promoter full-length cDNA clones of the BSMV ND18 genomic components α, β and γ (Petty et al., 1988 (Petty et al., , 1989 were kindly made available by A. O. Jackson (University of California, Berkeley, USA). To produce the clone pNDβb.Sal, the BSMV RNAβ cDNA was digested with SalI, blunt-ended with the Klenow fragment, and religated. This resulted in a frameshift mutation in the first TGB gene which rendered it incompetent in cell-to-cell movement (A. Solovyev & S. Morozov, unpublished data) . The chimeric BSMV RNAβ cDNA-based constructs were produced by ligation of the NcoI-BglII or NcoI-PstI inserts from the clones pQE-p65-C6H and pQE-N6Hp65 (Agranovsky et al., 1997) , respectively, between the same sites of the BSMV RNAβ clone. The resulting clones, pNDβ-65K and pNDβ-65K.dc, had the BYV p65 gene replacing the TGB or the 58 kDa (βb) gene, respectively.
Inoculation of plants and protoplasts with 35S promoter constructs. The procedure for particle bombardment of Nicotiana benthamiana leaves was essentially as described previously . For each sample (pPVX.GUS-Bsp, pPVX.GUS-BspjpRT-PVX.25K or pPVX.GUS-BspjpRT-BYV.65K), 6 µg total DNA was precipitated on 6 mg tungsten particles and the mix was distributed among five flying disks, so that each sample was shot in five replicates. Bombarded leaves were incubated at 23 mC in the dark for 48 h, followed by overnight incubation at 37 mC in a solution of the GUS colorimetric substrate 5-bromo-4-chloro-3-indolyl β--glucuronide, and fixation in 70 % ethanol . The infection foci that developed as blue spots on the leaves were photographed, and their size measured under the light microscope.
Nicotiana tabacum cv. W-38 protoplasts isolated according to the method of Saalbach et al. (1996) were inoculated with 10 µg of the pRT-BYV.65K plasmid by electroporation, with a 12 msec high-voltage pulse provided by discharge of a 125 µF capacitor set to 150 V. After 16 h incubation at 23 mC in the dark, p65 expression was tested by immunoblotting with use of an antiserum specific to the C-terminal fragment of the BYV p65 (As-p65C) diluted 1 : 500 (Agranovsky et al., 1997) .
Inoculation of plants with BSMV RNAβ hybrids bearing the BYV p65 gene. The capped infectious transcripts were synthesized with T7 RNA polymerase (Promega) using the BSMV RNAα and RNAγ cDNAs linearized by digestion with MluI, and the RNAβ cDNA (wt, mutant or chimeric) linearized with SpeI. Young leaves of Chenopodium amaranticolor and Chenopodium quinoa were inoculated with the T7 transcript mix as described previously (Petty & Jackson, 1990 ; Solovyev et al., 1996) . Symptom development was monitored for up to 15-20 days post-infection (p.i.). Total RNA was extracted from inoculated leaves by the hot phenol method (Verwoerd et al., 1989) . Accumulation of BSMVspecific RNA was tested by slot-blot hybridization of total RNA (Solovyev et al., 1996) . The $#P-labelled cDNA probes specific to the sequences of the BYV p65 gene or the BSMV βb gene were prepared with a random deoxyhexamers cDNA labelling kit (Boehringer) using the agarose gel-purified NcoI-PstI inserts from the pQE-N6H-p65 or the BSMV RNAβ cDNA clone, respectively. The probe specific to the BSMV RNAγ was prepared using the BglII-HindIII fragment (positions 1092-2440 in the BSMV ND18 RNAγ) from the respective cDNA clone. Formation of BSMV particles in inoculated leaves was monitored by immunosorbent electron microscopy (ISEM) with polyclonal anti-BSMV serum diluted 1 : 50 (Milne & Lesemann, 1984) .
Results
Transient expression of the BYV p65 restores the movement-competent phenotype of a PVX MP mutant in N. benthamiana Transient expression of the potexvirus, tobamovirus, and dianthovirus MP genes under the control of the 35S promoter allows limited cell-to-cell movement of a GUS gene-tagged movement-deficient PVX mutant, pPVX.GUS-Bsp . In this study, a 35S promoter plasmid with the BYV p65 gene, pRT-BYV.65K, was constructed. To test the efficiency of the BYV protein expression in cells transfected with this plasmid, N. tabacum protoplasts were inoculated with the pRT-BYV.65K and the total protein was analysed on immunoblots with a polyclonal antiserum specific to the BYV p65 (Agranovsky et al., 1997) . In protoplast samples inoculated with pRT-BYV.65K, but not in the mock-inoculated controls, a protein with an apparent molecular mass of 65 000 Da was readily detected (data not shown), thus confirming that the pRT-based vector gave rise to appreciable amounts of the p65 in the cells.
IJA
Closterovirus HSP70 homologue in cell-to-cell movement Closterovirus HSP70 homologue in cell-to-cell movement Bombardment of young detached leaves of N. benthamiana with the pPVX.GUS-Bsp mutant resulted in formation of minute blue spots corresponding to single cells or groups of a few cells (Fig. 1 a, d and Table 1), which reflects the inability of the mutant PVX to spread from the initially infected cells . In the positive control, co-bombardment with pRT-PVX.25K restored the cell-to-cell movement of pPVX.GUS-Bsp, producing the blue infection foci consisting of hundreds of cells, which could be observed with the naked eye ( Fig. 1 c, f and Table 1 ; Morozov et al., 1997) . Table 1 . Size analysis of the GUS-expressing infection foci in N. benthamiana leaves subjected to particle bombardment with 35S promoter plasmids Mean size of foci (µm) SD SE pPVX.GUS-Bsp 25n6 6 n 2 0n7 pPVX.GUS-BspjpRT-PVX.25K 424n0 107n2 11n4 pPVX.GUS-BspjpRT-PVX.65K 232n2 7 4 n 6 13n0 pPVX.GUS-BspjpRT-PVX.65K-Asp 27n9 1 0 n 8 1n66
Large infection foci were also observed after co-bombardment of leaves with pPVX.GUS-Bsp and pRT-BYV.65K (Fig. 1 b, e and Table 1 ). The limited spread of the PVX mutant was apparently supported by pRT-BYV.65K in different leaf tissues, such as mesophyll and trichoma cells (Fig. 1 e) , and the cells associated with the conductive tissue in the main leaf rib (Fig.  1 eh) . A similar pattern was also observed with pRT-PVX.25K (data not shown). The fact that the infection foci induced in mesophyll by pRT-PVX.65K had a smaller average size than those induced by the pRT-PVX.25K (Table 1) may be explained by only partial compatibility of the BYV p65 with the PVX infection, or by some intrinsic differences in the activities of the p65 and the PVX MP. This agrees with the bombardment data obtained for a tobamovirus MP gene, which also produced smaller GUS-expressing foci compared with the PVX 25 kDa gene . The pRT-BYV.65K-Asp, containing a frameshift mutation that would result in expression of only the first 114 triplets in the p65 gene, was unable to complement the translocation-arrested phenotype of the pPVX.GUS-Bsp (Table 1) . Taken together, these data suggested the ability of the closterovirus p65 to mediate the limited cellto-cell movement of the PVX mutant in N. benthamiana. 
BSMV chimeras with TGB replaced by the BYV p65 are competent in cell-to-cell movement in Chenopodium
It has been found previously that the infectious cDNA clone of BSMV RNAβ, in which heterologous plant virus MPs are inserted as cassettes, may be used to study the compatibility between the virus-coded transport functions in their common hosts (Solovyev et al., 1996 (Solovyev et al., , 1997 . C. amaranticolor and C. quinoa used for mechanical inoculation with the BSMV\BYV RNAβ hybrids are susceptible to both parental viruses (Duffus, 1973 ; Atabekov & Novikov, 1989) . BYV, albeit a semiphloem-limited virus which is principally transmitted by aphid vectors, may be inoculated mechanically into Chenopodium spp. to cause local lesions (Duffus, 1973) .
In the chimeric BSMV RNAβ cDNA-based constructs produced in this study, the BYV p65 gene was inserted to replace the complete TGB or the βb gene (Fig. 2) . In the 4157-nt-long transcript of pNDβ-65K.dc, the p65 gene (containing its own termination codon) was followed by the 3h-terminal half of the BSMV βb gene, the complete βd and βc genes, and the 3h-UTR. In the 3037-nt-long transcript of the pNDβ-65K, the BYV gene was extended at its 3h-end by four heterologous triplets encoding Arg-Ser-Met-Glu and was followed, in a different reading frame, by the 3h-portion of the βc gene and the 3h-UTR. In BSMV RNAβ, the internal sequences influencing RNA replication and stability reside in the intergenic region between the genes for the CP and βb, whereas the subgenomic promoters governing the expression of the TGB are upstream of the βb and βd genes (Petty & Jackson, 1990 ; Zhou & Jackson, 1996) . In the pNDβ-65K.dc hybrid, these sequences remained intact to allow the expression of all four genes (CP, p65, βd and βc) ; in pNDβ-65K, the p65 gene was cloned under the βb gene subgenomic promoter to allow its expression along with the BSMV CP gene (Fig. 2) .
Inoculation of C. amaranticolor and C. quinoa plants with the wt transcripts of BSMV RNAβ along with RNAα and RNAγ produced necrotic local lesions at 4-5 days p.i. (Petty et al., IJC Closterovirus HSP70 homologue in cell-to-cell movement Closterovirus HSP70 homologue in cell-to-cell movement Fig. 3 . Northern slot-blot hybridization of total RNA isolated from C. amaranticolor leaves inoculated with the wt, mutant and chimeric versions of BSMV RNAβ together with BSMV RNAα and γ. ' Probe BYV p65 ' represents the complete p65 gene cDNA insert, ' probe BSMV βb ' the NcoI-PstI fragment of the BSMV RNAβ (βb gene) cDNA, and ' probe BSMV RNAγ ' the BglII-HindIII fragment of the BSMV RNAγ cDNA, used as 32 Plabelled probes. Left and centre slots on each blot correspond to total RNA from four individual leaves inoculated with chimeric transcripts pNDβ-65K.dc or pNDβ-65K, respectively. Right slots are controls : WT pNDβb, total RNA from leaf inoculated with the wt RNAβ transcript ; pNDβb.Sal, total RNA from leaf inoculated with the frameshift mutant transcript ; BSMV RNA and BYV RNA, total virion RNAs of BSMV or BYV (50 ng).
1989 ; Petty & Jackson, 1990) . The inoculated leaves contained numerous rod-like viral particles, as revealed by ISEM, and BSMV RNA, as detected by hybridization of total leaf RNA with the BSMV βb-specific and RNAγ-specific cDNA probes ( Fig. 3 and Table 2 ). The leaves inoculated with the transportdeficient mutant pNDβb.Sal neither developed the symptoms, nor accumulated detectable amounts of BSMV particles and RNA ( Fig. 3 and Table 2 ).
C. amaranticolor and C. quinoa leaves inoculated with pNDβ-65K.dc and pNDβ-65K remained symptomless up to 20 days p.i. Nevertheless, BSMV RNAγ and the chimeric RNAβ sequences accumulated in the inoculated leaves to levels readily detectable by Northern slot-blot hybridization (Fig. 3) . The BSMV particles were also produced in the inoculated leaves, although in amounts three orders of magnitude lower than those due to the wt BSMV RNAβ (Table 2 ). This agrees with the data obtained for a BSMV RNAβ hybrid with the TMV 30K gene substituted for the TGB, where the yield of BSMV particles in C. amaranticolor was 1 000-10 000 times lower than with wt RNAβ (Solovyev et al., 1996) . However, the BSMV\TMV hybrid was still able to produce local lesions 
*j , Detectable hybridization ; k, no detectable hybridization. † jjj, More than 100 particles in the field ; jj, more than 10 particles in the field ; j, one or a few particles in the field ; k, no particles observed (at i36 500 magnification). , Not tested.
in C. amaranticolor (Solovyev et al., 1996) , whereas the BYV\BSMV hybrids accumulated in this host latently. This effect may be explained by the requirement of other BYVencoded proteins to elicit the local lesion phenotype.
Discussion
There is a growing body of evidence that an MP of one virus is able to complement translocation-arrested mutants of another, even unrelated, virus, thus suggesting that in some cases transport may be driven by interactions between the MP and host factors rather than by homologous interactions of the virus proteins and RNA. This follows from earlier data on complementation of virus transport in double infections in plants (reviewed by Atabekov & Taliansky, 1990) , as well as from more recent experiments with transgenic plants expressing viral MPs (Ziegler-Graf et al., 1991 ; GiesmanCookmeyer et al., 1995 ; Kaplan et al., 1995) , hybrid viruses engineered from infectious cDNA clones (De Jong & Ahlquist, 1992 ; Giesman-Cookmeyer et al., 1995 ; Solovyev et al., 1996 Solovyev et al., , 1997 , and co-expression of a transport-deficient virus and an unrelated MP gene inoculated as 35S promoter plasmids . We have reasoned that the latter two approaches could be used as fast experimental means to test the activity of a protein suspected to be involved in virus cellto-cell transport.
We found that the BYV p65, expressed either from a 35S promoter vector or in the context of a foreign infectious cDNA, displays the activities of an MP. Particle bombardment data indicate that the p65 transiently expressed in a single cell may promote limited transport of the genomic RNA of a translocation-arrested PVX mutant to non-inoculated cells (Fig.  1 e, eh) . This is consistent with the properties of some established viral MPs revealed in similar bombardment experiments . These data, supported by the apparent competence of the BSMV\BYV hybrid pNDβ-IJD 65K.dc in cell-to-cell movement, suggest the ability of p65 to complement the products of the first genes in TGB. Notably, these proteins, like the BYV p65, are ATPases (Rouleau et al., 1994 ; Kalinina et al., 1996 ; Donald et al., 1997) . Furthermore, the similar levels of progeny RNA accumulation in the C. amaranticolor leaves inoculated with pNDβ-65K.dc and pNDβ-65K imply the ability of the closterovirus protein to complement the functions of not just one, but all the TGB-encoded MPs. However, it cannot be excluded that the p65, although necessary, is not sufficient for the normal cell-to-cell and\or long distance transport of BYV infection in its natural hosts. This process might require other BYV-encoded proteins, particularly those conserved in the related closteroviruses.
Plant virus MPs are apparently of polyphyletic origin, and it is possible that different mechanisms have been involved in their creation and evolution (Melcher, 1990 ; Koonin et al., 1991 ; Keese & Gibbs, 1992 ; Mushegian & Koonin, 1993) . Given that plants may encode their own proteins to mediate intercellular transport of large molecules, like the maize transcription factor KNOTTED-1 which displays the key activities of an MP (reviewed by Mezitt & Lucas, 1996) , it is tempting to think that some viral MPs ascend to host genes. The closterovirus p65 represents an example of an MP whose evolutionary origin may be confidently traced to a conserved family of cell proteins. The ability of the BYV p65 to interact in vitro with microtubules (Karasev et al., 1992) , but not with unfolded protein chains (Agranovsky et al., 1997) indicates that in its evolution, vectored from an HSP70 to an MP, the closterovirus protein has adapted to a new set of interactions instrumental in transport, while retaining the ATPase activity associated with the conserved N-terminal domain.
